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CHARACTERISTICS OF THE LANGLEY 8-FOOT TRA.NSONIC TUNNEL WITH SLOTTED
TEST SECTION ‘

By RAY H. WRIGHT,VIEGILS. RITCEIIE,and ALBINO. PEARSON

SUMMARY

A large wind tunnel, approximuie-ly 8 feet in dianwi+w, ha

been converted to transonic operation by mearw of Ax% in the

boundary deriding in the direction of J%W. The u@ulnes8

of such a slotted m“nd tunnel, already known with respect to

the reduction of the sub80nic blockage Me@rence and the

production of eontinuoualy rariable supersonic $ow8, hue been

aUgmenL?d by d.e%~ a Sht 8h4zpt?& which a 8up6r80nic

test region with excellent JIow quality could be produced. The

$OW in thh %open 81d.ted tat 8eotion wm survqed ~“vely

and calibr& al Mach numbers up to about 1.IJ. The uni-

formity and an+rularity characi!eridica of the $T.ow were entirely

satisfactq jor testiq purposes. The uniform Mach number

in the test region wax infinitely variable up to supersonic Mach
number8 withuut change of tunnel geometry. % power re-

quired for oper~wn of the slotted tunnel wm G07NMerably in
excessof thatfor the closed tunnel M could be somewhat Tedwxd.

The jlow pri~”pks involved in tha operation of such a w“nd

tunnd are discumed in 8ome detail.

The reliability of pressuredjstribu$ion measurementsfor a

fineness-raiio-12 nordifiing body of re~lution in the 810tted

tat swtion was established by comparison with body pramure

di@ibuiions obtairwd from theory, from fiee+di W, and from

oth+w w“nd-tunnel W. The e$ects of lmundary interference

on the body pressure didrdwiiow rneamred in the 810ttsd test

seztion were shown to be negligibh ai subsonic Mach number8

and d tlu higher supersonic Mach number8 obtained. At low

8uper80nic Mach numbers, however,portions of the body pres-
sure distributionswereinj%eneed by bou&ry-mjk?d disturb-
ances which increased in intensity and moveddownstreamwith
increoxe in Mach number. The e$eet of h disturbam on
body pressurtzswas as&inzd and their e@ct on body drag
was dwwn to be small, partieulimlywh.qntlu body wa located
oj7 the test-seciion center lirw to reducefo~”ng of the rej?ected
disturbancewaves.

~erimentd locations of detuched 8hoek waves &ad of

axz”ally symmetric bodhx ai low wper80nic speeds in the slotted

test section agreed saiisfmtorily with predic-tion8 obtained by

use of ezi.sting approzim4W methods.

INTRODUCTION

In reference 1, rLtype of wind tunnel having a slotted test
section is described in which the tunnel boundary interfer-
ence due to solid blockage can be greatly deereased or
reduced to zero and in which tunnel choking does not exist.

The stream Mach number in the slotted tA section cm be
varied continuously up to and through a value of 1.0 and
the Mach number in the supemonic range is, moreover,
continuously variable.

In order to take advantage of these favorable character-
istics the Langley 8-foot high-speed tunnel, which was
operated with an tisymmetrioal tied nozzle to produce
subsonic Ma& numbers up to 0.99 and a supersonic Mach
number of 1.2 (see ref. 2), was converted to slotted-tunnel
operation early in 1950 and henceforth will be designated m
the Langley 8-foot transonic tunnel. The present paper
deacribea this modification and the subsequent changes
necessary to produm a test section with uniform Mach
number. In addition, an investigation was made (1) to
survey and calibrate the flow-in the slotted test section and
(2) to ascartain the reliability of prwure-distribution
measurements for a typical nonlifting transom-c model in
the slotted test section. The latter part of the investigation
included extensive pressure mmswrementa and schlieren
observations needed to evaluate the nature and approximate
magnitude of test-section boundary effects on the model
presmres.

SYMBOLS

a speed of sound in air
c. body &@ coefEcient based on body frontal area
LM axial distance required for free-stream Mach line,

starting at model nose, to traverse the super-
sonic flow to testiection boundary and reflect
back to surfaceof model near test-section center
line

L axial distanca required for model nose shock to
traverse the supersonic flow to test-section-
boundary and reflect back to surface of model
near test-section center line

1 basic length of body-of-revolution model
M Mach number, V/a
Mm Mach number corresponding to ratio of stream

total pressureto pressurein test chamber sur-
rounding the slotted seetion

Mo average Mach number in test section; stream
Mach number; Mach number ahead of shock

Ml Mach number behind shock

P
Pi—PO

pr6xmre coeilicient, —
q.
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presmre coefhcient at
model surface- due ~ effect of boundary-
reflected distrubances at supersonic speeds

pressure coefficient corresponding to the speed
of sound

local static pressure
streq static pre9sure

stieam dynamic pressure,~ p~

airspeed
axial distance downstream of slot origin; distance

downstream of model nose
axial distance from sonic point on body to loca-

tion of detached shock ahead of body nose
radial distance horn tuimel center line .-
radial distance from body center line to sonic

point on body surface
angle of attack of model
acute angle between weak shock wave and the”

flow direction
mean flow inclination to the horizontal (meas-

ured in vertical plane thro~~h center line of
tunnel), positive for upflow, deg

mass density of air

APPARATUSAND METHODS
DESIGNOFTESTSECTION

The modMcation of the Langley 8-foot high-speed tunnel
was limited by the desire to preserve intact the original rein-
forced concrete structure. The length mailable for the test
section was therefore restricted to the 15-footJong regtion
between the downstream end of the entrance cone and the
upstream end of the diffuser; the maximum transverse
dimension could not exceed the appro.simately 96-inch
minimum diameter of the entrance cone and ditl?user. More-
over, becimse of the necessity of taking into the diffuser the
low-speed air from the mixing region at the slots and because
of the expansion required for supemlmic flow, the cross-
sectional arm at the throat had to be reduced to a value less
than that at the diffuser entran~about 20 percent less as
suggested by the experiments of reference 1.

In order to accomplish this reduction of area at the throat,
a liner was inserted into, the original tunnel. The liner and
test section were made polygonal in cross section to facilitate
construction and to provide plane surfaces for windows. The
twelve-sided regular polygon was chosen, as it provided a
sufficiently near approach to the circular cross section of the
entmnce and diffuser to make enough space available for the
supporting structure at all points between the original en-
trance cone and the liner and to tallowthe fairing into the
circular M7user entramm to be relatively easy. The sides
were sufficiently wide to accommodate -windows approx-
imately 12 inches square. A cutaway view of the installation
is shown in iigu.re1.

The shape of the entrance liner, given in @ure 2, was
based on that of the plaster nozzle described in reference 2.
ThE entrance shape, which near its downstream end diverged
to an angle of 5 minutes with the center line of the tunnel,
was designed to produce a very gradual expansion, so that
the Mach number at tunneil station O (origin fbr tapered

slots) is nearlv uniform and, for all supemonic teat-motion
Ma& numbe& is equal to unity all over the cross section.
The boundary-layer development is responsible (see ref. 2)
for the fact that the effective minimum section (cross section
at which the Mach number is unity) exists at or near the
slot origin rather tha’n 32 inches upstream at the geometrio
minimum section. With this liner the maximum possible
ratio of diffuser-entrance cross-segtional area to throat cross-
sectional area is about 1.18.

The test section was made of steel panels reinforced on the
back and supported at the ends. Between the panels, at the
corners of the polygon, slot spaces were left sufhciently tide
to permit the attachment of strips forming rounded slot
edges. By changing these slot edges, constructed of wood to
facilitate their modification, various slot shapes (ylan forms)
could be tested. The spacea between the panels were made
snflkiently wide to permit slot widths considerably in excess
of the width corresponding to a total opening of one-ninth of
the periphery, which is the ratio of open to total jet boundrmy
judged from reference 1 to be required (with 12 equally
spaced slots) for zero solid blockage. ‘

In the original design, windows were placed in three
panels on each side of the test section, but in assembly, in
order to facilitate model observation, one of these glazed
panels was interchanged with the top panel (fig. 1, section
c-c).

The panels were originally installed with a divergence
angle of 45 minutes relative to the center line of tho tunnel.
To reach this divergence from the 6-minute divergence at
the downstream end of the approach section, the upstremm
end of every panel was gradually curved over the fiwt 18
inches. The shape of this curved region is shown in figure
3 (a).

The stream-side surfaces of the panels and of the down-
stream 10 feet of the entrance cone were carefully machined,
and precautions were taken to assure the smoothness and
continuity of the surface. In particular, considerable care
was exercised to minimize any diilerences in surface level
at the juncture betnveen the panels and the entrance cone,
Inaccuracies in window installation caused disturbances
which were removed by fairing the edges or by reinstallation,

At125.6 inches from their upstream ends the panels joined
with a transition section (fig. 3 (a)) which led into the circular
diffuser entmnm .at the 180-inch ‘station. This transition
section was made up of curved elements and flat triangular
parts as shown in figure 1. The triangular flats made an
angle of approximately 2°30’ with the center Jine of’ the
tunnel so that a discontinuity in slope existed at the 126.6-
inch station. The transition section was slotted but the
slots could be illed and thus stopped at any position betwem
the 125.6- and 180-inch stations. Because the panels were
of essentially constant width, the slot width in this divergent
region increased from 2.6 inches to about 3.5 inchw.

As indicated in iigure 1, section C-C, the structure of the
panels vras such that open channels existed under the slots,
Because of the turbulent mixing at the slots and the eqmn-
sion to supersonic flow, the jet must expand into the channels,
Continuity then requires, since the chamber surrounding the
slots is sealed, that air which came out through the slots



CHARACTERISTICSOF TED LANGLEYS-FOOTTRANSONICTUNNELWITH SLOTC13DTEST SECTION 1299

must reenter and pass into the diiluser. In order to guide
this air into the diflueer entrance, noses were placed in the
channels ut the downstream ends of the slots as shown in
figure 3. Several different nose shapes were tried, the first
of which is indicated in figure 1. The nose shape used for
most of the test discussed in this report is shown in figure
4 (a). This nose could’ be moved upstream or downstream
to match the position of the downstream end of the slot. A
later modifmation (fig. 4 (b)), including side plates which
restricted the downstream channel width, was designed to
reduce the power consumption. (See ref. 3.) The flap
(fig. 4 (b)), which was open for subsonic operation and closed
for supersonic operation, was designed to relieve a subsonic
negative Mach number gradient introduced into the test
region by this nose Bhape.

The original dome-shaped test chamber was used as the
sealed tank surrounding the slots. (See fig. 1~) This
chamber was adequately large, having a maximum diameter
of 40 feet. It nowhere approached the slotted test section
closer than 6 feet. Glass observation ports were provided
in the top, at one side, and in the chamber door.

SLOTSHAPES

The slot shapes tested are shown in ilgure 5. For the
rectangular shape (number 10) originally designed, the
edges were made of steel, and two of these edges contained
rows of preesure oriiices. Figure 6 shows the location of
these and other ofice rows. The other slot shapes tested
were constructed with wood edges to facilitate their modifica-
tion.

FLOW-SURVEYINSTRUMENTATIONANDMETHODS

The chwwcteristics of the flow in the slotted test section
were investigated by means of pressure measurements and
schlieren observations near the center line and by means
of pressure measurements at the wall.

Pressure and temperature measurements.-Static-pres-
sure measurements were obtained horn 0.03l-inch-diameter
orfices located in the surfaces along the center lines Gf
diametrically opposed wall panels 5 and 11, and in the.
surface of Q2-inch-diameter cylindrical survey tube (fig. 1).
The wall orifices were located approximately 2 inches apart
axially in the slotted section &d as far as 60 inches upstream
of the slot origin. The cylindrical-tube orifices were ar-
ranged in four axial rows spaced 90° apart. A single row
contained orifices located 6 inches apart in a 60-inch-long
region immediately upstream of the slot origin, 2 inches
upart in a 24-inch-long region just downstream of the slot
origin, 6 inches apart in the 24-to 60-inch downstream region,
and 2 inches apart in the region extending horn 60 to 160
inches downstream of the slot origin. The three other rows
contained orifices spaced 2 inches apart in the region from
about 72 to 112 inches downstream of the slot origin; in
this region the orifice locations in the four rows were stag-
gered so that static-pressure measurements could be ob-
tnined at ji-inch intervals. The surface of the cylindrical
tube was kept free of irregularitiesin the vicinity of pressure
oritices,

The cylindrical survey tube was alined approximately
parallel to the geometric centerline of the slotted test section.

The nose of the tube was located about 9 feet upstream of the
slot origin and was held in position by means of three 0.060-
inch-diameter stay wires spaced 120° apart angularly; the
downstream end was located in the tunnel diffuser and was
supported by means of the model-support system shown in
figure 1. A small amount of sag existed along the unsup-
ported length of the tube but this did not affect the pressure
measurements. The tube was capable of axial movement to
permit measurements at intervals w close as desired. Inter-
changeable offset adapters were used to locate the tube 6
inches and 16 inches off the centerline at any desired a&ular
position.

Local static-pressure measurements obtained by means of
the orifices in the wall panel and in the cylindrical-tube
surfaces were assumed to be equal to those outside the
boundary layer except in the vicinity of a shock where the
pressure changes would occur over an axial distance greater
at the surface than outside the boundary layer.

Stream total-pressure measurements were obtained in the
subsonic flow region upstream of the slot origin by means of
several total-pressure tubes, one located in t,heellipsoidalnose
of the cylindrical survey tube (fig. 1) and the others in the
low-speed section upstream of the contraction cone. Meas-
urements dso were obtained near the centerline of the eIotted
test section by using a total-pressure rake consisting of eight
0.050-inch-diameter tubes, 3 inches long, mounted ahead of a
1° included-angle wedge.

Prewms were measured by use of multiple-tube manom-
eters containing tetiabromoethane and by use of U-tubes
containing kerosene. All manometer tubes were photo-
graphed simultaneously.

The temperature of the flow mixture in the tunnel vms
controlled in order to rbduce possible humidi@ effects on the
flow in the test section. Temperature measurements were
obtained at a number of stations between the tunnel center
line and wall in the low-speed section upstream of the con-
traction cone by use of thermocouples in conjunction with a
recording potentiometer.

Schlieren optical system.—h order to supplement the
pressure measurements, schlieren observations of flow phe-
nomena were made by use of the temporary single-pass
system shown in figure 7. This system utilized l-footdiam-
eter parabolic mirrors and was mounted on large movable
support structures which permitted observations at any
desired test-section windows in the horizontal plane or in a
plane 30” tim the horizontal. A spark source was used for
photographic recording. The entire system was located
within the test chamber and was operated by remote contiol.

Determination of Mach nuraber.-The flow Mach number,
the parameter used for presenting most of the results of the
present surveys, was obtained by relating simultaneously
measured values of the stream total pressure and local static
pressures. Indications of the flow Mach number were also
obtained from measured values of the angularity of weak
shock waves produced by small two-dimensional surface
irregularities on opposite wall panels. Conical shock waves
produced by a 10° included-angle cone of l-inch maximum
diameter were used not only for indicating the value of the
stream Mach number but also for indicating the degree of
flow uniformity in the slotted test section.
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l?low anguhri~ measurements.-The mean angularity of
the flow with respect to a horizontal pkme near the center
line of the slotted test section was ma.emred by use of the
null-pressure-type instrument shown in @e 8. This
instrument, a 30 included-angle cone, contained O.OIO-inch-
diameter static-pressure orifices located symmetrically in
opposite surface9. The sensitivity of this instrument to
angk+of-attack changm, expressed in tqrms of the pressure
ditlerential between orifices in opposite surfaces and in the
plane of angle change, was about 0.6 percent of the stream
dynamic pressure per deggee change of angle in the transonk
speed range. This sensitivity, though not great, was within
the possible error in instrument-attitude measurements.
Such measurements, obtained by careful use of a cathetom-
eter during actual testing, were estimated to include
possible inaccuracies not exceeding O.1O. The procedure for
measuring the flow inclination consisted of, first, orienting
the instrument so that pressure oriiicea in opposite surfaces
were situated in the vertical plane of measurement, and
second, varying the instrument attitude by means of a
remotely controlled angle+hang@ meohanism in the sup-
port system until the pressures at the opposite surfaces
were equal. The instrument attitude was determined care-
fully by means of cathetometer readings for this indicated
mdl-preswme condition, and the procedure was repeated
with the instrument inverted. The arithmetical average of
instrument-attitude measurements made with the instru-
ment erect and inverted was assumed to compensate for
possible asymmetry of the instrument and to indicate the
mean direction of the flow. \

Rapid variations of the flow &@arity with time wefe
indicated by means of pressure-fluctuation measurements
in the slotted test section. For these measurements a 3°
included-angle cone was equipped with a small electrical
pressure cell (mounted inside the cone) which connected
directly with static-pressure orifices located 180° apart in
the cone surface. Periodic differences in pressure between
the oriiices in opposite surfaces of the cone were measured
by means of a recording oscillograph. ‘I’he indicated pr~
sure differences were expressed in terms of flow-an=gdarity
changw by use of a steady-state calibration of the pressure
diilerential between orifices in opposite surfaces of $he cone
with respect to cone-attitude changes in the plane of the
orifices. This pressure differential in the transonic range
wtis about 5 pounds per square foot per degree change in
cone attitude with respect to the flow, whereas the sensi-
tivity of the preismrecell was approximately 0.25 pound per
square foot. The accuracy of the pressure CPUwas main-
tained over a frequency range ilom O to 300 cycles per
second.

Jet-boundary interference effeots.-lk order to ascertain
the value of the slotted test section for testing purposes a
high-finenes+ratio body of revolution was tested at zero
angle of attack through the Mach number range from about
0.60 to 1.14 and the measured body-surface pressure distri-
butions were compared with essentially interference-free
distributions from other sources. The particular body shape
used in this investigation, a finenetw-ratio-12body for which
coordinates are given in reference 4, w= selected because of

the availability of theoretical and experimental pressure
distributions. The wind-tunnel model consisted of the
forward 83.7 percent (33.5 inches) of a 40-inch-long basic
body; a 3.25° semiangle support sting joined the body at the
83.7-percent station (see fig. 9). This model contained
static-premure orifices (O.O2Oinch in diameter) spaced 2
inches apart axially along the length of the body and ar-
ranged in rows at various angq.larlocations (ref. 5) but only
the pressure measurements at the upper and lower surfaces
were used for the comparisons shown in this report.’ ,Srnrdl
surface discontinuities existed at‘model-component junctures,
at an embedded mirror. in the upper surface, and at faired
surfaces over filled bolt’holes.

The reflection of disturbances from the slotted-test-section
boundary and the effect of such reflections on model prdmu’e
distributions were examined by testing both the body of
revolution (fig. 9) and a wing-body combination (fig. 10)
at supersonic speeds and.correlating the meosured pressures
at model and wall surfaces with schlieren pictures of the flow
field near the model surface. The wing-body combination
consisted of the previously described body of revolution
(fig. 9 (c)) fitted with a 45° sweptback airfoil of NACA
65AO06 section, 12-inch semispan, and l-square-foot plan-
form area. Static-pressure orifices (0.020 inch in diameter)
were located in the upper rmd lower surfaces of the airfoil
at five semispau stations (see ref. 6) but for the present sur-
veys presarea were measured-mainly at the 60-percent opd
80-percent semispan stations where the airfoil chords wero
about 5.70 and 5.05 inches, respectively. Pressure orifices
at these wing stations were located at chordwise intervals
no greater than 10 percent of the chord. Static-pressure
orifices (0.018 inch in diameter) dso were located at axial
intervals oi! about 0.75 inch along the length of the model-
support sting in order to measurepressuresin the compression
region at the base of the model and to aid in locating wrdl-
reilected disturbances. Transition was i3xed at 10-percent-
chord and 12-percent-body-length stations for the wing and
body of revolution, respectively.

The control of model attitude during tests in the slotted
test section was effected by means of cathetometer observa-
tions and a remotely controlled angle-changing mechanism
in the model+upport system. ,

PRECISIONOF DATA

The maximum random error in the indicated Mach num-
ber, as obtained from pressuremeasurements throughout tho
transonic range covered by these surveys, was estimated to
be no greater than 0.003 in shock-free flow. For measure-
ments behind shocks an additional error in the indicated
Mach number was possible because of failure to correct for
changes of the stream total pressure through the shock$;
this error, however, was negligible at the lower supersonic
Ma& numbers and did not axceed 0.002 for normal shocks
at a Mach number of 1.14.

Probable errors in Mach numbers indicated by mgulnrity
measurements of weak shocks in supersonic flow were nbout
0.002. This error corresponds to an estimated inaccuracy
of 0.2° in the measurement of the angularity of two-dimen-
sional-shocl& from the test section walls. The qgulnrity of
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sharply defined conical shocks could be measured with an
inaccuracy of only about O.1O.

The differences between Mach numbers determined from
pressure measurements and those horn shock-angularity
measurements at supersonic speeds corresponded closely to
the estimated probable errors in determining the Mach
number. (See fig. 11.)

Estimated possible errors in the model-surface pressure
coefficients obtained from tests in the slotted test section
were generally about 0.005 and did not exceed about 0.010.

The sensitivity of the schlieren optical system, when
properly adjusted, was sufficient to permit the detection of
a conical shock whose strength corrw.ponded to a Mach
number change of about 0.003.

The masimum possible error in measuring the flow angu-
larity was estimated to be about O.1O. A like error in meas-
uring the model angularity introduced the possibility of
errors as great as 0.2° in modil alinement with respect to
the.flow direction. .

RESULTSAND DISCUSSION

PIHILIBIINARYINVESTIGATIONS

Inasmuch as the 8-foot transonic tunnel was the fi.rat
large slotted tunnel constructed at the Langley Laboratory,
the first task was to study its general characteristics. Such
a study was facilitated by the large size of the test chamber,
which permitted direct observation during tunnel operation
from positions near the slots. Such observation was limited,
however, by the noise, which became painful at Mach
numbem greater than about 0.6, and by the danger of a
sudden large pressure increase due to power failure at large
Mach number, which might result in physical injury to the
observer. The test chamber was also uncomfortably hot
because of the necessity of operating the tunnel with high
stagnation temperature, up to 180° F, ~ order to prevent
condensation difficulties.

In an investigation of the noise, the natpral fundamental
frequency of the system of test chamber and slotswas roughly
estimated at about 3 cycles per second. Measurements of
the frequency and intensity of the sound in the test chamber
indicated a vibration with about this frequency, but the
greater part of the energy was rather widely distributed in
general noise. This noise, which arose from the tunnel fan,
from the vorticity and general turbulence in the slots, and
from the general difluser flow, reached an intensi@ in excess
of 130 decibels at Mach numbers near unity. In addition,
sections of the test-chamber floor vibrated, apparently with
their natural frequencies, but these vibrations were not ex-
cessive. To minimize noise and vibration, blunt diffuser
entrance noses me believed to be desirable, because sharp
noses might be expected to produce oscillations when struck
by the vortices proceeding downstream just outside the slots.

In addition to the vibration, a general circulatory move-
ment of the airin the test chamber was observed. The scrub-
bing action at the slots entrains air from the test chamber
and cmries it along toward the difliser entrance, where it is
separated from the tunnel flow at the difl?userentrance noses,
deflected out into the surrounding chamber, and circulated
back toward the upstream ends of the slots.

The fit tests were made with the rectangular slot shape
and with a panel divergence of 45 minutes. The indicated
Mach number distributio~ at the various orifice rows are
shown in figure 6. In thw figure fll~c is the Mach number
corresponding to td chamber pressure. The tdal pressure
for these and all other Mach number distributions presented
in thm report is that nemthe center of the tunnel stream.

The Mach numbw distribution shown in figure 6 is evi-
dently unsatisfactory for model testing. As pointed out in
reference 2, the flow disturbances in a circular tunnel are
concentrated at the center; as might be expected, the 12-
sided tunnel with regular polygonal cross section behaves in
a similar manner, that is, the Mach number oscillations
shown in figure 6 are considerably greater near the center of
the tunnel than at the center of a panel. Special care is
therefore required to obtain a model test reggonwith uniform
Mach number. The solution to this problem was deduced
from tests with various slot widths and shapes, from addi-
tional tests which had previously been carried out in the
apparatus of reference 1, and from a fundamental conception
of the part to be played by the slots in producing the super-
sonic flow. Previous tests had already led to the belief that
one of the most important causes of the Mach number oscill-
ationswas the overexpansion in the upstream part of the
slotted section, similar to that which occurs when a super-
sonic jet debouches into a region having a pressure 1sssthan
that at the jet exit. The function of the slot shape is cm-
ceived to be the control of this expansion in such a way that
the Mach number will gradually approach its fiat test-sec-
tion value without exceeding thisvalue at any section. With
the 45-minute divergence of the panels such control was found
to be impossible, although a number of d.ifTerentslot shapes
were tried, because the flow expansion produced by the
curvature and divergence of the panels already exceeded
that required.

The possibility existed of removing most of this divergence
by turning end-for-end the part of the panels between stat-
ions Oand 125.6 inches. This modification as accomplished
is shown in figure 3 (b). The panels are straight for the tit
107 inches with a 5-minute slope continuous with that of
the entrance cone. The curved part of the plates now lies
between the 107- and 125.6-inch stations, and curved liners
have been added between the 125.6- and 141.6-inch stations
in order to relieve the &scontinui@ in slope at that station
and thus to prevent large flow disturbanws with attendant
shocks in this region.

The efficacy of changing the panel div~ence from 45 to
5 minutes is shown in figure 12. A considerable reduction
in the Mach number oscillation h~ been ob~ined, P~-
ticularly near the center of the tunnel. The slot is now ful-
iilli.ng its function of controlling the development of the
supersonic flow, and changes in slot shape might therefore
be utilized to improve the Mach number distribution at the
center of the tunnel.

INVESTIGATIONOFSLOTSHAPES

The establishment of supersonic flow suitably uniform for
modd testing in the slotted region of the Langley 8-foot
transonic tunnel was the prima~ purpose of the investi=%-
tion of slot shapes, since the production of satisfactorily
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uniform flow at speeds up to and slightly exceeding the
speed of sound was easily achieved simply by the installa-
tion of rectangular-plan-form slots. (See fig. 13.) The per-
formance of rectanguh slob, reported in reference 1 for the
we of a 12-inchdiw_neterthroat, was veriiied experimentally
in the 88-inch effectivtdiameter throat of the Langley 8-foot
tmmsonictunnel. A characteristic feature of supersonic flow
in a throat equipped with rectanguhw slots is a rapid initial
expansion and a subsequent compression of the flow imme-
diately downstream of the slot origin. At Mach numben
greater than about 1.02 disturbances associated with ‘the
initial mpansion~mpreseion appear in the slotted-tesh
section flow, and the magnitude of the disturbances increases
with Mach number. This performance is illustrated in
figure 13, which presents the results of flow surveys in the
S-foot tunnel with rectanguhm slots and with the throat
geometry of figure 3 ~). The disturbances shown in figure
13 are sufficiently severe to preclude the use of rectanguhm-
pkm-form slots at supersonic speeds in this test section.

The use of tapered S1O}Sto reduce the rapidity of the
initial flow expansion and the severity of the accompanying
disturbances, which was originally reported in reference 6,
was followed in investigating suitable slot shapw for the
Langley 8-foot tmnsonic tunnel. For this investigation the
tunnel throat geometry of figure 3 (b) was maintained.
For some of these tests, the curved liner shown in figure 3
was replaced by a %oat-tail” as indicated at the top of
figure 14, but this change did not signiiicandy aflect the
flow in the test section. The first slot shape investigated was
n straight-taper design, somewhat similar to one for which
fairly good flow ch&act&tics were reported in reference 6.
This slot shape is identified in figure 5 as shape 1. The
slot originated m a point at the ef?ective minimum section of’
the tunnel (station O) and opened with an angle of 0.77°
between the edge and center line of the slot. The tapered
portion extended 96 inches (1.09 jet diametam) downs&am,
after which the slot width remained constant. In this re-
gion of constant slot width, the open portion of the boundary
comprised approximately one-ninth of the total periphery
of the tunnel wall. The flow characteristics of the slotted
section equipped with slot shape 1 (see fig. 14) corrwponded
approxhnately to those for the tapered slot reported in
reference 6 for a V2-inchdkuneter tunnel throat. The
supersonic flow in both tunnels attained approximately the
same maximum and minimum hfach numbem at equivalent
distances (jet diameters) downstream of the slot origin.
The esistence of the compression region following the initial
expansion was suilicient, however, to justify investigating
the control of slotted-section flow characteristics by means
of slot-shape mod.&ations.

Other tapered slots were then investigated in & attempt
to reduce the initial flow overmpansion and the compression
that followed. The flow characteristic for slot shapes 4
rmd 9, which opened with only about half the angle of slot
shape 1 over the lirst 48 inches downstream of the slot
Oribti (see fig. 5), are show in figures 15 and 16, respectively.
Comparison of these data with those for slot shape 1 indi-
cated that the reduction in the initial rate of opening of the
tapered slot produced a corresponding reduction in the rate

of flow expansion; also, the slight overexpansion and fol-
lowing compression of the supersonic flow produced by slot
shape 1 was practically eliminated by use of shape 9. The
flow-expansions produced by slots 4 and 9 were ahnost identi-
cal in spite of the fact that slot shape 4 opens more abruptly
downstream of the 48-inch station. In the test section the
degree of flow-uniformity was slightly less for shape 4 than
for shape 9, and it is therefore surmised that small flow-
uniformity gains may be expected by changing the slot
shape gradually over the downstream portion of its taper.

Slot shapes 6 and 7 (see fig. 5) utilized over their tit 12
inches of length essentially the same initial taper angles as
were employed for shapes 9 and 1, respectively; but follow-
ing this 12-inch straight-taper region slots 6 and 7 opened
with greater angles of divergence than did shapes 9 and 1
and attained their full-open widths at 76 and 74 inches
downstreun of the slot &igin. The results of flow surveys
for these slot shapes, presented in figures 17 and 18, revmled
that the supersonic flow downstream of the initial straight-
taper region ‘expanded more rapidly and compressed more
severely than did the flow for slot shapes 9 rmd 1. The data
for slot shapes 1, 9, 6, and 7 indicated that, for tapered slots
whose initial opening angles are no greater than the 0.77-
degree half-angle taper used for shape 1, the important factor
in controlling the flow e.xprmsionand compression is the
proper shaping of the slot over the long region in which most
of the opening to full slot width takes place.

Slot shape 8, which opened in a straight taper of 1.18°
half angle over its fit 48 inches from the slot origin (seo
fig. 5), produced the Mach number distributions shown in
figure 19. The supersonic-flow e.spansion occurred mom
rapidly for slot shape 8 than for any of the other tapered
shapes investigate~ as might be e.spected from the greater
angle at which it opened. At the higher Mach numbers the
distribution became saddle-shaped.

From the center-line Mach number distributions corre-
sponding to slot shapes 1, 4, 6, 7, 8, mid 9, the possibility
now existed of relating slot-shape changes to the correspond-
ing Mach number changes and thereby etlecting modifica-
tions designed to improve the distribution. For the direc-
tion and a qualitative indication of the magnitude of the
slot-width changes required, the conception of the function
of the slots in producing the supersonic flow served as a
guide. Thus, for instance, if at some point along the cmter
line the flow has expanded to a Mach number in excess of
that indicated by the test-chamber pressure, this overex-
pansion can be traced back hong a M&h line to a region on
the tunnel boundary; if in this region the pressure on the
panels is greater than that in the test chamber, a decrease
in slot width is indicated in order to reduce the flow expansion
at that section.
~ In selecting a slot shape to serve as a basis for the now
design, shape 9 was chosen because it already produced a
supersonic flow of considerable uniformity. In addition to
the changes intended to improve the flow uniformity, which
were accomplished by interpolating among the slot shapes
previously tested and by applying the ideas discussed in the
previous paragraph, a further modification was made in
order to decrease the length required for establishment of



CHARACYIIDRISTICSOF THE LANG~Y S-FOOTTRANSONIC~L WITH SLOTI!EDTEST SECTION 1303

the uniform flow. For this purpose the angle of taper at
the upstream end was increased to a value approaching that
for shape 8. This increase in taper angle at the upstream
end was consistent with a decrease bebween the 55- and 75-
inch stations, where such a decrease was believed to be de-
sirable in order to decrease the Mach number oscillations in
the test region. The final slot shape is shown as number 11
in figure 6.

The results of the flow surveys with slot shape 11, which
are presented in figure 20, show a slight improvement in flow
uniformity at Mach numbers greater than 1.1. The over-
expansion with subsequent compreeaion is practically elimi-
nated, and, moreover, this uniform flow is reached in a
shorter distance than with slot shape 9. The length of the
essentially gradient-free region available for testing purposes
varies from about 80 inches at a stream Mach number of 1.07
to approximately 40 inches at a stieam Mach number of
about 1.13. Extensive surveys, including static-pressure
measurements at axial intervals as close as % inch, in the
slotted section equipped with tapered slot shape 11 indicated
Mach number deviations no greater than those shown in
figure 20. In a typical model-testing region approximately
36 inches long and 30 inches in diameter, the Mach number
deviations increased with Mach number to values not
exceeding +0.006 at a stream Mach number of 1.13. This
degree of flow uniformity was considered satisfactory for
model-testing purposes, and slot shape 11 was therefore
chosen for the final test-section configuration.

The coordinates for slot shape 11 are given in figure 21.
Also included in this figure is the approximate shape of the
slot edge, which was slightly over 0.5-inch thick and which
remained essentially the same for all the slot shapes investi-
gated. Immediately outside the slot edges, the channel
between the edgee and the test chamber opened abruptly as
indicated in section C-C of figure 1. If the thiclmess of
the slot edges and the size of the channel immediately oub
side the slot opening had been greatly difl’erent, the charac-
teristics of the flow through the slots might have been
influenced sufficiently to have resulted in a tial slot shape
somewhut diilerent from shape 11. The large size of the
channels results in the maintenance of the pressure just out-
side the slots at a value very close to that in the test chamber;
tmd the thinness of the slot edges tends to reduce the inertia
effects due to flow in the slots, which might aggravate the
oscillation in the test region. The rounding of the slot
edges may not be necessary, but was taken as n precaution
ngainst disturbances that might arise from flow separation
nt slmrp cornem.

TEST-SECTIONCALIBllATION

Flow uniformity,-The resultsof extensive pressuresurveys
in the slotted test section using slot shape 11 are presented
in figures 22 and 23 in terms of the local Mach number.
The streum total pressure used, in conjunction with local
static prwsures, to determine the Mach number distributions
of figures 22 and 23 was found to be essentially constant
throughout the survey region near the test-section center line
and wnsin close agreement with values measured in low-speed
regions upstream of the slotted section. The Mach number

distributions shown in figure 22 are associated with the flow
characteristi~ soon after installation of the slotted throat
and with a difluser-entrrmcenose located 142.5 inchw down-
stremn of the slot origin (nose A). l?igure 23 presents wall
and center-line Mach number distributions obtained from
surveys conducted at a later date and with a longer diffuser-
entrancenose (noseB, ref. 3) located 114.6 inches downstream
of the slot origin.

The Mach number distributions in the slotted test section
with diffuser-entrance nose A (fig. 22) indicated that (1) the
flow in the slotted test section was essentiallyfree of gradients
(except in the Mach number range from about 0.90 to 1.08
where a slight positive Mach number gradient existed),
(2) the length of the uniform-flow region available for model-
tisting purposes decreased with Mach number but was
approximately 60 inches long at a Mach number of 1.13,
(3) the Mach numbe~ measured near the center line of the
uniform-flow region agreed reasonably well with those at the
wall, and (4) the quality of the flow in the slotted test section
with slot shape 11 was fully equal to that in the most cnre-
fully designed two-dimensional solid nozzles. This result
is the more remarkable when it is realized that the slot shape
was reached without the benefit of any such theory as is
available for the solid nozzle design and that, moreover, this
ndiform-flow t=t region was attained in a tunnel of approxi-
mately circular cross section, for which the solid nozzle design
is particularly critical. It seems reasonable, therefore, to
conclude that the design is much less critical for the slotted
nozzle than for the solid nozzle. This ens@ of the design
requirements is perhaps due to the fact that the slots in con-
junction with the panels produce an effective integrated
damped elastic pressure boundary in contrast to the unyield-
~~ solid boundary of the solid nozzle. This pressurebound-
ary is incapable of supporting the large pressure gradients
that can exist at a completely solid boundary and, therefore,
all disturbances at the boundary tend to be spread out into
shallow oscillations instead of being concentrated into shocks
as may occur in a solid nozzle.

In other respects the flow in the slotted nozzle is similar to
that in a solid nozzle. Thus, just as in a solid nozzJe, irregu-
larities on the solid wrfaces produce disturbances extending
into the interior of the flow. Disturbances produced by
strings 0.010 inch in diameter on the top and bottom panels
at a Mach number of 1.o74 are shown by the schlierenphoto-
graph inset in figure 24. These disturbances are propagated
along lines at angles.very close to the Mach angle. This
behavior corresponds with the assumption, involved in the
derivation of the slot shapes, that the only part of a slot
effective at a point of the flow is that upstream of the inter-
section of that slot with the upstream Mnch cone through
the point.

The results of surveys in the slotted test section after a
long period of model testing and with Muser-entrance nose
B (fig. 23) indicate that the Mach number attainable at
maximum tunnel power was increased slightly but the test
section was shortened at its downstream end by use of the
new ditTuser-entrance-nosearrangement. The Mach number
distributions of figure 23 also indicate a decrease in the
uniformity of the test+ ection flow since the time of the



1304 RDPORT138&NATIONAL ADVISORYCOMWTI’EEFOR ADRONAUmCS,

initial surveys; over a 36-inch-long region the maximum
deviations from the average stream Mach numbers indi-
cated in figure 23 were as much as 0.010 as compared with
deviations of as much as 0.006 in iigure 22. This deteriora-
tion of the flow was assumed to be due to the effect of discon-
tinuities appearing in the wall-panel surfac~, as near window
edges, during prolonged periods of tunnel operation w-hen
insufhient attention was given to maintenance of wall-
panel smoothness.

The degree of test-section ‘flow uniformity indicated by
Mach number distributions was veriiied over a portion of
the test region at supersonic speeds by examining sdd.ieren
pictures for the presence of stream disturbance equal to or
stronger than a shock of known strength introduced into the
flow. The results of the flow-nniformiL@ check are illus-
trated in figure 25. A 10° included-angle cone was dined
approximately parallel to the flow near the test-section
center line, and schliemn pictures were made of the flow
field about and ahead of the cone at stream Mach numbem
of 1.035 and 1.075. The schlieren pictures were obtained
for only the horizontal plane (light path through Windom in
panels 3 and 9) since the larg~t wall+nrface discontinuities
were known to exist on wall panel 12, and @turbrmces from
this panel were most readily detected from horizontal
schlieren surveys. The attached conical shock were the
only disturbances visible in the schlieren pictures (fig. 25).
and, since these shocks were three dimensional and therefore
more difficult to detect than two-dimensional distnrbanctw,
it was concluded that no abrupt disturbance of greater
strength than that of the conical shock existed in the flow.
(Because the conical shocks shown in &ore 25 were weak,
they are not very distinct in the schlieren pictures; dots have
therefore been superimposed on the shock lines to emphasize
their location.) The strength of the attached conical shock,
expressed in terms of the Mach number decrement through
the shock, is no greater than 0.004 and 0.003 at stream Mach
numbers of 1.o35 and 1.075, respectively (fig. 25). Mach
number decrements calculated from conical-flow. theory
(ref. 7) are in close agreement with the two experimental
points. In determiningg these experimental points the Mach
number decrements across the cone shocks were obtained
by use of oblique-shock theory (ref. 8) with shock angles
measured directly from the schlieren pictures. l?or the
stream Mach numbers and the test-section region concerned,
the experimental schlieren-survey data of figure 25 appear
to be consistent with the pressure-survey data in indicating
the presence of no abrupt steady-flow disturbances of
significant strength.

The measured angularity of conical shocks (fig. 25) offered
indications of the value of the supemonic Mach number which
were consistent with those indicated by pressure measu&
ments (figs. 22 and 23) and by the angukiriw of weak two-
dimensional disturbances from wall panels (fig. 11).

Flow calibration.-The stream flow in the slotted ted
section was calibrated with respect to the pressure in the
chamber surrounding the slotted section, a procedure em-
ployed for smaller slotted tunnels in the investigations
reported in references 1 and 6.

A typical calibration curve with the model removed from
the tunnel shoivs the variation with test-chamber Mach num-
ber of the average Mach number over a region 30 inches in
diameter and 36 inchw long near the td-section center lirw
(fig. 26). The data for this calibration were taken from the
distributions of figure 22. An average value of the strmm
Mach number over the 30-inch-diameter region was obtained
by fairing through the test points from the ten dtiermt posi-
tions of the survey tube. This faired value for the averago
stream Mach number varied ahnost linearly with, but was
always smaller than, the indicated ted-chamber Mach num-
ber. The Mach numbers measured at the ten survey loca-
tions did not differ from the average stream Mach numbm
by more than 0.004 and 0.006 up to Mach numberwof 1.00
and 1.13, respectively.

In figure 27 a comparison is ‘made of flow calibrations at,
the test-section center line for a region 36 inches long (from
68 to 104inches downstream of the slot origin) with the model
removed from the tunnel. The data of the comparison me
taken from figure 22 (early surveys with difhser-entmnce
nose A) and from figure 23 (later surveys with ditluser-
entrance nose B). The agreement between the two surveys
is shown to be very good for the particular flow region
calibrated.

The effect of a model on the Mach number of the incoming
flow upstream of the model test region was examined. Tho
use of pressure me~urements at the wall to verify the trend
of the stream flow ahead of the model was considered appli-
cable, particularly at supersonic speeds where disturbances
are propagated approximately along Mach lines. This sup-
position was checked experimentally by comparing Mach
number distributions along the slotted-section w-tallupstrenm
of a wing-fuselage model (fig. 10) with wall distributions for
the model-removed case. The results of this comparison for
small lifting attitud= of the model (fig. 28) indicated close
agreement between model-in and model-removed Mach
number distributions upstream of the model location, Tim
only discrepancy in the data of figure 28 apperm immediately
upstream of the model nose at a tcd-ohamber Mach number
of 1.025, where the bow wave ahead of the nose influences the
model-in Mach number slightly. The evidence of figure 28
was supported by additional measurements with the sanm
model at higher angles of attack (fig. 29). The latter dato
are presented to show the variation with test-chamber Mach
number of the model-in and model-removed Mach numbers
at the test+ ection wall approximately 10 inches upstream of
the model-nose location. The data shown in figure 29 woro
obtained over a long period of’ time and included measure-
ments with the wing-fuselage model at angles of attack as
great as 20” and with diiluser-entrance noses A and B; the
data horn the many separate runs were in relatively clom
aggeement. The combined data of figures 28 and 29 rmvml
generally that, for this ratio of model size to tuu-nelsize, tho
prwmres on the test+sectionwall ahmd of the model wero not
greatly influenced (and therefore the validity of the model-
removed calibration was not much affected) by the priwmce
of the model at difbrent lifting attitudes,

“Although no quantitative comparisons are presented, it is
believed from past experience in the calibration of high-speed
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wind tunnels that the overall precision of calibration of a
slotted test section, when the test-chamber pressure is used
as Rcdibr~tion reference, is superior to that of a conventional
closed test section for subsonic speeds. In particular, the
use of the pressure in the sealed chamber surrounding the
slots os a reference presmmein calibrating the stream flow is
believed to avoid the inconsistencies which may arise from
the use of the static pressure indicated by a wall orifice
located upstream of the minimum section.

Flow angularity,—The mean angularity of the flow in the
slotted test section was measured at a center-line station 85
inches downstream of the slot origin. The measurements
were limited to the vertical plane and employed the null-
pressure-type instrument of figure 8 and the methods out-
lined earlier. A 2° included-angle wedge was first used for
the flow-inclination measurements but it proved inadequate
bemuse of excessive bending near the leading edge and dam-
nge to the leading edge caused by the impact of foreign par-
ticles in the airetream. The 3° included-angle cene was less
sensitive than the wedge but was superior in its relative free-
dom from tip bending and damage. The flow-inclination
results (fig. 30), obtained from average measurements with
the cone erect and inverted, indicated a mean upflow angle
of CLppro.sinmtely 0.10 which did not appear to change ap-
preciably with Mach number. The scatter in measurements
ranged up to about +0.10 from the mean indicated angu-
h-wity. Carefti measurements of the angularity of wall
panels 6 and 12 revealed that the geometric center line be-
tween these two panels d.itlered from the horizontal by
npproxirnntely 0.05° in the direction of the indicated upflow.

l?luctuntions of the stream angularity with time were
mensured by means of an electrical pressure pickup in the
3° included-angle cone. The results of these measurements
indicated rapid variations of about 0.4° from the mean flow
mgle shown iD figure 30. The fluctuations were greatest at
frequencies from approximately 10 to 85 cycles per seccmd
throughout the transonic speed range.

MODELTIEiTINGANDBOUNDARYINTERFERENCE

A preliminary investigation of boundary interference
effects on pressure-distribution and drag measurements for a
nonhfting body of revolution (fig. 9) in the slotted test sec-
tion was conducted in order to ascertain the reliability of
typical model test data obtained from the slotted test sectioa
of the Lnngley 8-foot trrmsonic tunnel. This investigation
involved the compmison of experimental body data from the
slotted test section with essentially interference-free data
from other sources and the examination of the slotted-test-
section data for the presence of solid blockage and boundary-
reflection effects. Experimental data from the investigation
were also used in examining several flow phenomena of con-
cern with regard to transonic testing in the “slotted test sec-
tion. The stream Mnch numbers at which body data were
obtained in the slotted test section ranged from about 0.6 to
1.136. The test Reynolds number, based on model length,
rnnged from approximately 9.5 X 10eto 11.0 X 10°.

Flow phenomena, inoluding shock reflections, with non-
lifting body of revolution and wing-body combination at
oenter line of slotted test section.-Some flow phenomena

of interest in connection with the transonic testing of models
in the slotted test section are illustrated in fia~es 31 and 32.
These data were obtained from tests of the nonlifting body
of revolution’ (fig. 9 (c)) aDd the wing-body combination
(fig. 10) at the center line of the slotted test section.

At very high subsonic speeds (figs. 31 (a) to 31 (c)) the
supemonic-flow expansions around the maximum-thickness
region of the body of revolution (and the local shock forma-
tions associated with model-surface discontinuities and with
the compression region near the base of the body) did not
extend to the test-section boundsxy. The failure of the
model-field expansions to affect significantly the Mach
number distributions at the test-section wall at a stream
Mach number of 0.990 (fig. 31 (c)) offered evidence as to the
essential absence of boundary interference for the model
size used and also indicated an alleviation of choking in the
slotted test section (tests of the body in a closed test section
of the same size would have resulted in choking at a strew
Mach number of about 0.985).

At low supemonic speeds (figs. 31 (d) tc 31 (1)and 32 (a) to
32 (d)) the model-field shocks and expansions are shown to
impinge upon the test-section boundary at axial lomtions
which permit the reflection of disturbances back to the sur-
face of the model. The model nose shock (bow wave) and
the expansions over the upstream portion of the model are
the disturbances of concern with regard to the production
of boundary interference effects on model measumments.
The shock-wave reflections are illustrated (figs. “31 (d) to
31 (n) and &. 32) by means of both schlieren pictures and
model-surface and wall Mach number distributions. In
thwe figures the lines drawn to connect the schlieren-field
shocks with shock locations (maximum compression regions)
at the w-alldo not necessarily represent accurately the nctual
shock curvature in either the stream or the bounda~ layer.

Effect of boundary interference on pressure-distribution
and drag measurements for nonl$fting body of revolution at
center line of slotted test section.—The comparisons of
figures 33 to 35 were employed to ascertain the reliabili@
of body pressure-distribution measurements in the slotted
test section and, in particular, to obtain approximate effects
of boundary interference on the body pressuresat supe~onic
speeds. The interference-free model-surface pressure dis-
tributions given iD figure 33 include those obtained horn
theory for the basic shape of the body (fig. 9 (a)), from free-
fall tests for a 120-inch-long model (fig. 9 (b)), and from
tests of the wiad-tunnel model (fig. 9 (c)) iD the 92-inch-
diameter axieymmetrical closed test section of reference 2.
The closed-te+section data, which were obtained at high
subsonic speeds, were corrected for blockage effects by means
of relations described in reference 9. The free-fall and
theoretical distributions shown in figure 33 were obtained
from reference 4, which utilized linearized theory and
Prandtl-Glauert adjustments for the theoretical distribu-
tions at subsonic stream Mach numbers up to 0.95 and
methods of reference 10 for the distributions at Mach num-
bers of and larger than about 1.05. The essentially inter-
ferencdree pressure distributions shown in figures 34 and
35 were obtained from tests of the wind-tunnel model in the
slotted test section of the Langley 16-foot transonic tunnel.

\
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The wind-tunnel pressure coefficients used in figures 33 to 35
were averaged from coefficients for upper and lower surfaces
in order to reduce possible deviations due to model alinement
errors and surface irregularities; coefficients from the Langley
S-foot transonic tunnel were rho average values from a
number of diflerent runs which repeated the model pressure
measurements closely.

At subcritical speeds (Me= 0.95) no signihmt effects of
boundary interference on body pressureswere expected, since
reference 1 reported essentially zero interference for a non-
Iifting body in a slotted test section with a ratio of body cross-
sectional area to tunnel cross-sectional area of 0.123, and the
ratio was only about 0.0014 for the body and test section
used in the present investigation. The close agreement
expected between the pressure distributions horn the slotted
test section of the Langley 8-foot transonic tunnel and the
various interference-free distributions was realized (figs. 33
(a), 34 (a), 34 (b), and 35), except for discrepsmciesin the
comparisons with ties-fall data in the maximum-thickness
region of the body (& 33 (a)). These discrepancies cannot
be readily explained unless the free-fall body, which vms
three times the size of the wind-tunnel model, difkred slightiy
in shape from the wind-tunnel model and the basic shape in
this region. Apparent discrepancies in the comparison with
free-fall and theoretical pressure distributions near the base
of the body [fig. 33 (a)) are to be expected since the shapes
of both the basic body and the free-fall body d.ifleredfrom
that of the wind-tunnel model in this reggon.

At supercritical stream Mach numbers from about 0.95
to 1.00 the agreement of the prkssuredistibution measure-
ments from the slotted test section of the Langley 8-foot
transonic tunnel with those horn the Langley” 16-foot tran-
sonic tunnel (fig. 34 (b)) and horn free-fall tests (fig. 33 (a))
was consistent with the agreement at lower speeds; this
agreement attested the essential absence of boundary-
interference effects on pressure measurements for the model
(cross-sectional area of model only 0.14 percent ‘of tunnel
cross-sectional area) in the j&open slotted test section at
stream Mach numbers up to 1.00.

At very low supersonic Mach numbem (MO= 1.025) no
appreciable effects of boundmy-reflected compression waves
on model-surface pressures could be detected (figs. 31 (e),
33 (b), 34 (c), and 35) but significant effects of reflected
overexpansion were indicated (figs. 34 (c), 35 (b), and 35
(c)). Pressure distributions from the Langley 16-foot
transonic tunnel, used as a basis for reference in iigures 34
and 35, were not available at Mach number intervals close
enough to defl.necompletely the variation of the interference-
free pressure distribution with Mach number, nor did the
data appear to be entirely fkee of interference eilects at a
Mach number of 1.019 where overexpansion (apparently
due to reflected boundary dkturbances similar to those
described for the Langley 8-foot tmmsonic tunnel) were
indicated (iigs. 34 (c) and 35 (f)). The data were sufficient,
however, to provide approximate indications of boundary
effects on pressure-distibution measurements for the body
in the slotted test section of the Langley 8-foot transonic
tunnel.

At supemonic Mach numbers slightly greater than 1.025,

the tiects of reflected compression shocks on moclel-surfaco
pressures became signihnt and increased with Mach num-
ber. At Mach numbers of and greater than about 1.040, the
reflected shocks were visible in schlieren pictures (figs. 31 (g)
to 31 (n)) and influenced the model-surface pressuresstrongly
(tlgs.33(b), 34(c), and 35(b) to 35(f)). Themodel-surface pres-
sures downstream of the region affeoted by the reflected com-
prcmion wave were influenced by overespansions and those
upstream of the compression region were free of boundary
interference. At M2 1.120 the reflected compression was
downstream of the model base (fig. 31 (n)) and no boundary
interference was apparent (fig. 33 (b)). The agreement at
Mach number 1.2 of interference-free pressure distributions
from tests of the model in the 92-inch-diameter axisymmotri-
cal closed test section of reference 2 with theoretical and freo-
fall distributions from reference 4 is consistent with that of
the interference-free slotted-test-section data at lower super-
sonic Mach numbers (fig. 33 (b)). The close agreement of
interference-free body-surface distributions from the slotted
and closed teat sections of the Langley 8-foot transonic
tunnel with theoretical distributiona (fig. 33 (b)) constitutes
an experimental veri.iication of the methods of reference 10
for computing pressure distributions on a slender body of
revolution at supersonic speeds.

The maximum effects of boundary-reflected disturbances
on surface pressures for the iineness-ratio-12 body of revolu-
tion in the Langley 8-foot transonic tunnel at supersonic
speeds (fig. 36) were determined from maximum diilerences
between experimental pressure coefficients from the Langley
8-foot and 16-foot transonic tunnels M shown in figure 35.
The expansion components of boundary-reflected disturb-
ances for the body tested in the %-open slotted test section
of the Langley 8-foot transonic tunnel were shown to atlect
body+urface pressures more strongly than did the compres-
sion components at stream Mach numbers less than 1.036,
whereas the reveme was indicated at Mach numbers greater
than 1.035. The indications of figure 36 are only approxim-
ate, however, because of the limited amount of data avail-
able horn the Langley 16-foot transonic tunnel.

The effects of boundary-reflected disturbances on pressure
distributions for the nonlifting body of revolution at the
center line of the slotted test section of the Langley S-foot
transonic tunnel (figs. 33 to 36) were interpreted in terms of
effects on body drag coefficients. In ascertaining them
effects, the body drag coefficients obtained from pressure-
distribution and force tests in the slotted test section of the
Langley 8-foot transonic tunnel were compared with es-
sentially bterference-free data from free-fall tests (ref. 4)
and from pressure-distribution tests in the Langley 16-foot
transonic tunnel (slight interference effects present in the
latter data measured at Mo= 1.019 were removed, appro.u-
mataly, before determiningg the pressure drag). (See fig.
37.) The drag coefhcients from pressure-distribution teats
were obtained by integrating measured model-surface pres-
sures and included skin-friction drag estimatesfrom reference
11. The force-test body drag coefficients shown in figure
37 were obtained from unpublished experimental data for
the model described in reference 12 and were corrected for
sting-support tares. Estimated maximum inaccuracies of



CRARACWERISTICSOF THElLANGLEYS-FOOTTRANSONICTUNNllLWITH SLOTI!DDTEST SECI?ION 1307

the body drag coefficients (based on body frontal area)
shown in figure 37 were approximately &0.016 for the data
obtained from force tests in the Langley 8-foot transonic
tunnel and within +0.010 for those obtained horn free-fall
t(?sts.

Approximate boundaxy-interference effects on body drag
measurements for the nordifting body of revolution at the
center line of the Langley 8-foot transonic tunnel slotted
test section were taken as the differences between these
drag measurements and the interference-free measur~ents
(fig, 37), Correlation of these drag differences (fig. 37)
with corresponding body-surface pressure distributions (figs.
33 to 35) revealed the close interrelation of the pressure-
distribution and drag measurements and the dependence of
the drag-coefficient changes on the effects of boundary-
reflected disturbances. The indicated body drag decrements
(fig. 37) at MrLchnumbers from 1.00 to 1.02 were apparently
due to the effect of reflected overexpmsions slightly upstream
of the maximum-thickness region of the body, whereas drag
incremcmts at Mach numbers from 1.02 to 1.07 and drag
decrements at Mach numbers from 1.o7 to about 1.12 were
due to the passage over the rear portion of the body of
reflected overespaneions and compressions, respectively.
At Mach numbela greater than about 1.12 the slight dis-
crepancy between the free-fall data and those from force and
pressure-distribution tests in the Langley 8-foot tmmsonic
tunnel could be attributed to diilerences in body shape or tQ
possible inadequaciw in sting-support tare corrections, but
the magnitude of the indicated discrepancy is within esti-
mated possible inaccuracies in the experimental data. The
maximum effects of boundqy reflections on body drag
coefficients with the body at the slotted-test+ ection center
line did not exceed about 0.04 when coefficients were based
on body frontal area. Although these mtium boundary-
reflection effects were not much greater than the errora
of measurement normally present when the interred balance
system is used for measuring model forces, they were c&-
sidered sufficient to justify a brief experimental investigation
of a possible means of reducing the effects.

Reduction of interference effeots at supersonic speeds by
testing model off center line of slotted test seotion.-An
attempt to reduce the intensity of boundary-reflected die-
turbnnces at the model was made by testing the nonlifting
body of revolution (fig. 9 (c)) at a distance of about 10.3
inches off the geometric center line of the slotted test section.
Body drag coefficients obtained from pressuredistribution
measurements with the body located off the test-section
center line were affected less by boundary interference than
were those obtained from tests of the body at the center line
(see fig. 37). This reduction in interference effects on body
drag can be attributed to a slight reduction in intensity (and
to distribution over a greater axial distance) of boundary-
reflected disturbances at the body surface, as shown by the
comparison (fig. 38) of center-Iine and off-center body-surface
Mach number distributions at a stream Mach number of
1.060 (this Mach number was used for the comparisons in
order that effocts of both compression and expansion com-
ponents of boundary-reflected disturbances might be illus-
trated). The off-center location of the model appears

advantageous with regard to the reduction in intensity of
boundary-reflected disturbances, especially the espansion
components of such disturbances, and the attendamtreduc-
tion in interference effects on model drag and pressure-
distribution measurements. A disadvantage of the off-cente,r
location, however, lies in the significant reduction in length
of the region available for strictly interference-free supemonic
testing.

Model lengths for interference-free supersonic testing at
center line of slotted test seotion.-It has been shown that
at supersonic Mach numbers the model-surface pressures
upstream of the region affected by the boundary-reflected
compression are free of boundary-interference effects (figs.
33 to 35) and that for a given Mach number the length of
the interference-free region is greatest when the model is
located at the center line of the test section (fig. 38). The
axial distance Ls required for the bow wave ahead of the
model to reflect horn the test-section boundary and strike
the surface of the model at the test-section center line is
shown in figure 39. This distance, obtained from schlieren
pictures and pressure measurements at stream Mach num-
bers from 1.04 to 1.126 and from pressure measurements at
Mach numbers as low as 1.025, is expressed in terms of tho
distance L~ required for the reflection of Mach lines from
the tunnel wall. The ratio LJLM increased from a value of
about 0.35 at a stream Mach number of 1.025 to about 0.81
at a Mach number of about 1.10, after which the ratio
remained approximately constant except near a Mach num-
ber of 1..109 where it tended to increase slightly and then
decrease as the reflected shock approached and moved down-
stream of the base of the model. This influence of the model
t&l shock on the progress of the reflected shock past the
base of the model is illustrated in figwes 31 (1) and 31 (m).
An L3/L~ value of 0.815 obtained from tests of a somewhat
similar body at a stream Mach number of 1.2 in the closed
nozzle of reference 2 was consistent with the ratios shown in
figure 39 for Mach numbers greater than about 1.10. At
the low supersonic Mach numbers of this investigation, the
LJLM ratio was approximately the same for both the axisym-
metrical fuselage and the sweptback wing attached to the
fuselage.

The distance ratios given in figure 39 neglect the effect of
the model boundary layer, which permits the compression
due to the incident shock to be transmitted several inches
upstream of the shock location, and are therefore not strictIy
representative of axial distances available for interference-
free supersonic testing. If the compression reggon is as-
sumed to extend about 3 inches upstream of the shock loca-
tion, the axial distances available for interference-free
supersonic testing with the model at the center line of the
slotted test section would range from about 4 inches at a
Mach number of 1.025 to approximately 36 inches at a
Mach number of 1.14 (~. 40) and would not mceed 75
percent of the axial distance required for tlm reflection of
Mach lines. At the very low supersonic Mach numbers the
length of the @erference-flee test region is influenced to
some extent by the location of the detached shock ware
ahead of the model.

location of detaohed shocks ahead of axisymmetrical
nonlifting bodies.-% hlieren and pressure data for the body
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of revolution (see fig. 31) and schlieren pictures of shocks
ahead of blunknose (90° angle) total-pressure tubes (@. 41)
tested in the slotted section of the Langley 8-foot tmmsonic
tunnel provided experimental information concerning the
location of detached shock waves ahead of axisymmetrical
bodies at low-supersonic. speeds. The experimental data
from the Langley 8-foot tmmsonic tunnel tie compared with
experimental data ilom other sources (refs. 4 and 13 to 15)
and with approximate theory (ref. 13) in figure 42. The
data used in these comparisons are exprwsed in tams of
the ratio of shock distance ahead of the body sonic point to
the body radius at the sonic point, xs~/ys~,a parameter used
in reference 13. The sonic point for the body of revolution
tested in the Langley 8-foot transonic tunnel was obtained
from body-surface pressure measurements (average valuw
from a large number of runs) at each test Mach number;
the sonic point for the 90° body (total-pressure tube) @ted
in the Langley 8-foot transonic tunnel was assumed to occur
at the shoulder of the body for all Mach numbers.

The experimental locations of the bow waves ahead of the
body of revolution in the slotted test section of the Langley
S-foot transonic tunnel agreed closely with experimental data
from references 4 and 13 to 15; those for the 90° body in the
Langley 8-foot transonic tunnel aggeed closely except at
stream Mach numbem of 1.015 and 1.036 (fig. 42). The
apparent discrepancies offered by these two experimental
points are not due to errors in measurement; they are be
lieved to be due to the two-dimensional nature of the bow
wave ahead of the row of total-pressure tubes. @tef. 13
shoWs that the ratio zsE/~~Eis much larger for the two-
dirnensional case than for the axis.ymmetrical case.) The
single bow wave e.sisting ahead of the row of eight total-
pressure tubes at the low-supemonic Mach numbem of 1.015
and 1.036 changes to individual bow waves ahead of each
tube at higher Mach numbers (fig. 41).

The general agreement of the experimental data with thy
oretical approximations @ometric and continuity methods)
from reference 13 is considered satisfactory. The experi-
mental data appear to aggeamore closely with the geometric-
method approximations at very low supersonic Mach num-
bers and with the continuity-method approximations at
stream Mach numben+greater than approximately 1.10.

Applicability of boundary-reflection information from pres-
ent investigation to tests of other models in slotted test sec-
tion.-Although each wind-tunnel test model offers a difFerent
problem with regard to the effects of boundary-reflected dis-
turbances, the results of the body-of-revolution tests re-
ported earlier in this paper should prove useful in predicting
disturbance phenomena and evaluating experimental data

. for other models.
For strictly interference-free supersonic testing the model

length is dependent on the axial distance required for model
disturbances to reflect from the test-section bonndwy back
to the model surface; this distance varies with Mach number
and is greatest when the model is located at the test-section
center line. The shock-reelectiond~tances shown in figure 39
ant the interference-free model lengths giveri in figure 40 are
applicable only for center-Iine testing of models of approxi-
mately the size ,and shape of the body of revolution used in

this investigation; larger models of this shapo or bluff bodies
of the same mtium diameter will produce bow WQVCS
located farther upstream and thereby reduce the reflection
distances and model lengths shown in figures 3fI nnd 40,
respectively. The approximate interference-free modol
length for a given axially symmetric shape can be estimated
by use of figures 39 and 4!2, together with knowledge of the
sonic-point location and the model radius at the sonic point.
At very low supersonic Mach numbers the use of figure 42 to
ascertain detached-shock locations ahead of axially symmetric
bodies is limited &o single bodies; several adjacent axially
symmetiic bodies located in the same plane of measurementt,
may produce detached shocks located considerably upstream
of the shock for a single body (see figs. 41 and 42).

For supersonic testing of models whose lengths permit tlm
impingement of boundary-reflected disturbances, the effects
of boundary interference on the free-air characteristics of the
models are dependent on the model configurations and the
model locations with respect to the test-section center line
(interference effects are 1sssfor model off center line than for
one on center line). The effects of boundruy reflections on
pressure and drag measurements for the fineness-ratio-12
body of revolution used in the present investigation aro appli-
cable only for models of appro.simately the same size cd
shape, but the d~ctibed flow phenomena with the body of
revolution in the slotted test section should be useful in
interpreting the direction of bounda~-reflection effects on
test data for other models. The influence of model-attituclo
changes on indicated boundaxy-reflection effects for the body
of revolution was not included in the present investigation,
but approximate influences may be iuferrod from mperi-
mental remlta given in reference 16. Reference 16 also
indicates that flow disturbances capable of introducing drag-
coefficient changes of approximateely 0.002 (drag coefficient
based on wing plan-form area) may not greatly affect tho
lift and pitching-moment characteristi~ of n complete uir-
plane model- Additional studies are needed to verify and
supplement these preliminary indications of boundary-reflec-
tion effects on models at lifting attitudes in the slottod
test section.

GENERALDISCUSSION

The theory of the subsonic operation of the slottod test
section has been presented in reference 1. It is of intweat
to consider in a qualitative manner some features of tlm
supersonic operation. As pointed out in reference 17, hhe
supersonic flow in a tunnel with porous walls is established
by expansion through the walls. In a slotted tunnel a
similar expansion must occur through the slots, but this
expansion must be influenced by the boundary layer on tlm
panels. In fact, a general knowledge of the behavior of
boundary layera indicates that in the expansion the boundary
layer tends to run OHthe panels into the slots. The effects
of the slots must thus bo extended over the whole periphel~
of the tunnel. It therefore seems that the slotted tunnel
would behave more like a porous-wall tunnel than might at
first be supposed. The role of the slots in controlling the
expansion has already been noted.

The development of the supemonic flow in the slotted
test section will now be considered in detail. At subsonic
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speeds the pressure in the test chamber evidently must take
a vahm which is some weighted average of the pressures at
the slots. Moreover, in accordance with the equation of
motion, M the pressures in the diffuser (including that at
the diffuser entrance) are decreased, the speed in the tunnel
must incrense until a Mach number of 1.0 is reached at the
effective minimum section, section B-B in figure 1. Consider
first the case of a wall divergence of 45 minutes. With the
tit attainment of a Mach number of 1.0 at the minimum
section, the Mach number in the slotted test sectiog has been
found to be also essentially 1.0, as is shown for a different
divergence angle in figure 13; but on the curved s~faces of
the panels (fig. 3 (a)) supe~onic regions terminated by
shocks resulting from the higher pressures in the~ots must
already have appemed in conformance with general flow
theory. The flow within the slotted test section is thus not
absolutely uniform, but consists of slightly supersonic regions
terminated by shocks, which are in turn followed by slightly
subsonic regions. This flow pattern can be repeated several
times beenuse in any subsonic region the pressure may be
greater than that in the chamber surrounding the slots.
Equalization of tbe pressurethrough the slots thus accelerates
the flow, and if the panel is curved in that region or if a
change in shape occurs, the flow may againbecome supersonic.

When the pressure at the difluser entrance is decreased
(by increasing the rotational speed of the tunnel fan) below
that just necessary to produce a Mach number of 1.0 at the
throat, the pressuredecrease cannot be transmitted upstream
through the supersonic regions in the slotted test section.
This pressure decr~e is, howemr, kmsmitted out through
the slots in the region just upstream of the diiluser entrance.
The pressure in the surrounding chamber is thus decreased”
and, as n result of the reaction through the upstream part
of the slots, the flow in the subsonic regions is further
accelerated, the shocks are moved downstream, and the
supcraonic regions are expanded.

This movement of the shocks downstream has been noted
in schlieren observations. If the curvature and divergence
of the panels are small, only a small decrease of pressure
below that required for the establishment of a Mach number
of 1.0 at the throat is sutlicient to sweep the slocks out
of the test section. In such a ease one shock only may exist.
With the conflgumtion of figure 3 (a), this shock is located
slightly downstream from the discontinuity in slope at the
126.6-inch station. It is evidenced in figure 6 by a rather
sudden decrease in Mach number to values less than 1.0,
which occurs between the 130- and 140-inch stations. At
this position the shock extends across the whole central
part of the flow. In all of the upstream slotted test section
the stream Mach number is then greater than 1.0. At the
upstream end the boundary layer flowb out, so that the
stream is allowed to expand, as it must do if the Mach number
is to increase from the value of unity at the throat to some
greater vrdue somewhat downstream. This outward flow
must evidently be balanced by an equivalent rate of mass
flow into the slots near their downstream ends. Perhaps
because of induced velocities due to flow through the slots,
the pressures (indicated by Mach numbers in fig. 6) near
the slot edges are less than those near the center of a panel,

and the test chamber pressure lies genwally between these
two extremes.

Except for the improvement in control of the expansions
obtainable by means of the slots, which has already been
mentioned, the reamer of operation of the slotted test
section with 5-minute divergence is similar to that with
45-minute divergen&. However, because with the 5-minute
divergence the curved region of the panels is located at the
downstream end, the shocks must fit form at that -end,
leaving the upstream end essentially shock free, even at
Mach numbers near unity. An indication of this freedom
from shock disturbances vw afforded by limited schlieren
observations and is indicated in the Mach number distribu-
tions (figs. 13 to 20). With the .5-minutedivergenceof the
panels the shock-disturbed Mach number range near unity
is thus eliminated, and uniform test section Mach numbem
continuously variable through 1.0 are possible.

The conditions at the downstream end of the slotted
section will now be considered. In this region, for the con-
figurations discussed in this report, the air flow which has
been extruded from the upstream part of the slots must be
taken back into the tunnel stream. Because of the turbulent
mixing with the air in the chamber surrounding the slots, this
extruded air has lost most of its kinetic energy; but once
this air has reentered the slots, it is again accelerated by
mixing with the main stream. This mixing process is be-
lieved to be accelerated by vorticity generated by inflow
over the slot edges.

The mixing is known to be an inefficient process and must
in any oaae entail a power loss; but even greater power
losses may occur if, because of the intake of this low-energy
air, the diifuser flow is spoiled. Conditions are necessarily
particularly critical near the di.iluserentrance, both because
of the inflow of the low-energy air and because in this region
the @.netic energy of the main stream is lkrge. Bemuse of
the mixing (ejector principle) some diffusion would occur in
this region even if the expansion angle of the diffuser were
zero. Indeed, the mixing is so strong that, as may be seen
from figures 13 to 20, the diihion starts even slightly
upstream of the di.fluserentrance noses.

Because of space limitations the original expansion angle
at the upstream end of the diffuser was made greater than
was considered desirable, and when the panels were reversed
this angla was increased still more, to 3045’, as shown in
@ure 3 (b). In the region of the diiluser entrance noses the
effective expansion is somewhat less than this value becaum
the upper surfaces of the noses fall outside the panel surfaces
(fig. 3). At some sacrifice of tesl+sectionlength, nose shape
B (fig. 4 (b)), which extended farther upstream, furnished a
short region of ~ential.ly constant effective cross~ectional
ties at the beginning of the difl!user. Such a length of
essentially constant or only slightly varying diiluser area is
believed tQbe desirable in order to provide a mixing region
without too great diflnsion, but no investigationa have been
conducted ti determine the proper length or divergence of
such a region for minimum power.

The need for a length of dither with small or zero e..-
pansion near the diffuser entrance is accentuated by the
presence of the shock. In reference 2 it was shown tlat in
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such a region the boundary layer behind a shock terminating
the test region at a Mach number of 1.2 recovered rapidly
without separation. In a diverging channel, on the other
hand, such a shock might easily lead to separation. The
shocks indicated at the difluser entrance in figures 13 to 20
appear to be oblique rather than nornd shocks, since. the
grater disturbance occum at the center and that at the wall
is spread out and does not decrease the indicated Mach
number below unity. The use of a region of zero expansion
at the diihser entrance should spread these disturbances
still farther and may very well effect their practical
ehination.

The shock at the difluser entrance is similar to one which
might exist ahead of a nose inlet. Be~use the high-speed
flow is limited to a jet, however, it should be possible to draw
the shock down into the.diffuser, but in this case the power
required wotid almost certainly be greater than if the shock
were close to the dMuser entrance. The most favorable
con.ti=wation, for minimum power, is believed to be that for
which the shock stands just inside an essentially zero-
divergence region at the diffuser entrance or has been
practically eliminated in the mising region.

The minimum di.thser entrance cross-sectional area con-
stitutes, in fiect, a second throat. If this second throat is
too small the flow will be choked and the Mach number
attainable will be limited. Because ~of the thick boundary
layer formed by the inflow through the slots, the required
area of the second throat% greater than would be necessary
for a closed nozzle with the same stib of first minimum.
With increase in supersonic Mach number the required area
of the second throat increaseson account of both the increase
in entropy through the shocks and the increasing flow
through the slots. W3th the configuration of figure 3 (b), a
difhser minim~ area 13 percent greater than the fit throat
area was sufficient to permit the atttient of a Mach
number of 1.14. with the reduction in slot area and the
protilon of an essentially constant-mea mising region
provided by nose B, the required area at the second minimum
was reduced to a value 9 percent g&ater than that at the iirst.
Because of the thick bounda~ layer, choking is not sharp at
the second minimum; but after a Mach number of 1.0 has
been reached in the main stream, the volume flow can still
be increased by acceleration of the boundary layer, though
the cost in power rapidly becomes excessive.

Be~use of the larger minimum diifuser area required for
the supersonic flow, the diifuser entrance area is greater than
that required for the subsonic flow. Since the flow attaches
to the difluser entrance noses, diffusion, and consequently
negative Mach number gradient, occurs upstream from the
noses. This effect was snfliciently severe in the case of nose
shape B to require the provision of flaps which, when operi,
permitted the entrained flow to p% over the noses and thus
prevented attachment of the main flow. Moreover, rnas-
much m the cWfuserentrance area aifects the difFusion,phys-
ical considerations vrotid suggest that the power required is
also affected. Tests carried out in the Langley 24-inch
tunnel have shown this to be the case. An increase of the
diffuser minimum cross section appreciably beyond the size
necessary for the required Mach number resuhs in an iu-

.

crwwein the power required. An increase in noise and vibra-
tion is also believed to be likely. It is suggested that, in nny
future slotted tunmil installation similar to that discussed
herein, the effective diffuser entrance areabe made adjustable
by means of radially adjustable diffuser entrance noses.

It was thought that the heavy boundary layer due to the
inflow into the slots might spoil the diffuser, but an extensive
investigation by means of tufts failed to reveal any sepma-
tion, though separation may have existed on the diffuser
entrtice noses. Because of the large amount of kinetic
energy in that region, the possibility of signi.ticantpower loss
is greater near the diffuser entrance than frmtherdownstream.

An examination of power data for varying slot ‘areashowed
that, as might be expected, the power required for a given
Mach number decreases as the slot area decreases. Power
consumption is therefore also less if the difhser entrance
nose is as far upstream as possible. This effect may bo
expected to bemme relatively less important M the MrLch
number is increased, because the increasing required outflow
through the upstream part of the slots and the correspond-
ing inflow at the downstream ends is only weakly dependent
on the slot area. It also appears likely that with increasing
Mow of this low-energy air the essentially constant-mea
mising region required for its acceleration might have to be
increased in order to avoid spoiling the diffuser flow. Econ-
omy of power might indeed, at higher lMach numbem, re-
quire that this low--energy air be pumped to appro.xinmtely
stream total pressure by means of a separate compmssor
rather than by means of turbulent mixing in the diffuser.
The use of a sepnxate compressor, how-ever,might affect the
use of the tink pressure as a reference pressure for deter-
mining Mach number.

The power absorption per square foot of throat area in
the Langley 8-foot transonic tunnel is shown in figure 43.
These data were taken from a number of ditTerentruns, ns
indicated in the figure. The power data have been adjusted
to the same stagnation pressure and temperatures through
the assumption that, for constant geometry and Mach num-
ber, power is proportional to p~, where pj is the stagna-
tion pressure and T~is the absolute value of the stagnation
temperature. The power for the slotted tunnel is compared
with that for the Langley 8-foot traneonic tunnel with SIOts
closed, that for the plaster nozzle of reference 2, and that
for a closed-tunnel estimate based on reference 1S. The
reduction in power due to the installation of ditTuserentranm
nose B (fig. 4 (b)) is seen from a comparison of tho power
for this nose with that for nose A (fig. 4 (a)). A more de-
tailed investigation of the power 10SSCSis given in reference 3,

CONCLUDINGREMARES

The Langley 8-foot high-speed tunnel was converted to
transonic operation and the characteristics of the transonic
flow in the slotted test section were investigated. The re-
sults of flow surveys with various slot shapea, and with and
without a typical model in the slotted test section, warrant
the following conclusions:

1. As a result of the investigation of the flow character-
istics of the tunnel with various slot shapes, a coniigumtion
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which produced nearly uniform supersonic flow has been
devised.

2. With this configuration the Mach number was con-
tinuously vmia,ble up to the greatest value, approximately
1,14, pmm.itted by the power available; the quality of the
flow was entirely satisfactory for testing purposes and com-
pared favorably with that in the best two-dimensional
solid supersonic nozzles. Deviations horn the average
stream Mach number in a model test region 36 inches long
and 30 inches in diameter generally increased with Mach
number but did not emeed approximately 0.006 at stream
Mach numbel~ up to 1.13, provided the tunnel wall surfaces
were kept sufficiently smooth.

3, The Mach number distribution was found to be af-
fected by the detailed slot shape if the divergenm angle
between the prmels and the center line of the test section
was sufficiently small.

4. The power required at a given Mach number was con-
siderably in excess of that necessary for a closed tunnel at
the same Mach number.

6, The ratio of the test-chamber pressure to the stream
total pressure provided a reliable index of the test-section
hlach number independent of model configuration or
attitude.

6, The direction of the airstream agreed within the limits
of osperhnental error (O.lO) with the geometric center Line
of the test section.

7. The use of slots to reduce choking limitations at stream
Mach numbers near 1.0, reported earlier for small tunnels,
vms substantiated by tests of a 3.33-inch-diameter body of

revolution in the approtitely 88-inch-diameter slotted
te9t section.

8. Interference effects due to boundary-reflected dis-
turbances were present in pressuredistribution and drag
measurements for a 33.5-inch-long nonlifting body of
revolution with a iineness ratio of 12 in the slotted test
section at low supersonic speeds; the effects were reduced by
testing the body off the test-section center line in order to
avoid focusing of the reflected disturbance waves. No
boundary interference was present at the higher supersonic
speeds attained.

9. The model length for interferen&-free super-sonic
testing increased with Mach number but did not exceed
about 75 percent of the axial distance required for reflection
of Mach linw.’

10. Experimental locations of bow waves ahead of axially
symmetric bodies were in satisfactcq agreement with
theoretical locations predicted by the approximate methods
of NACA TN 1921.

11. An experimental verification of the method of NACA
TN 1768 for predicting pressure distributions over slender
bodies of revolution at supersonic speeds is afforded by the
close agreement of theoretical pressure distributions for o
tienew-ratio-12 body of revolution with interference-free
distributions measured in the Langley 8-foot transonic
tunnel.

LANGL~ hRONAUTICALLABORATORY,
NATIONALADvrsoRY CO~EE FORAERONAUTICS,

LANGLEYfiLD, VA., th.dy3, 1968.
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. 234in —------

m(i; (i;
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2 43.697

4 43.694

6 43.69 I

8 43,688

10 43.685

12 43.682

14 43.679

16 43.677
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20 43.672

22 43.670

x=Distance upstream of Satkm O

Y’Distancefrom tunnel center line to center Of panel

I (h Jll I

140 47.593R-E%--l I

150 48.882

I 28 I 43.665 I 55 I 43.715 I 160 I 50.459 I

H--=--l +-= R-i-=-i
R-l-%3 70 I 43.851 I 190 I 57.333 I
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=++
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%-l%%
I 46 I 43.679 I 234 77. I 88

FIQUEmZ.—Coordinatesof approachto slottedregionof tumelthroat.
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El
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to miter surface

(a) Shape A.

Fmurm4.—C%ordinates of diffuser-entrance nose shapes.
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FIGURE 6 .—Variousslot shapes investiikd in the Langley t?-foot high-sped tumel with 5-minutewall-paneldivergencein testsection.
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FICIURE&-Comparkon of Maoh number distributions measured axially along tunnel center line with those mem+nredalong center and edges of
wall panels. Noso A; slot shape 10 (rectangular); 46-minute divergence of wall panels in test section; iWTc~ 1.092.
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CHAR40TERISTICS OF THD LANGLEY 8-FOOT TRANSONIC TUNNEL WITH SLO’I”JIEDTEST SECTION
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FKUJRII9.—Body of revolution ueed for comparkon of body-surface pressure distributions obtained from wind-tunnel tests with those from free-fall
teeta and theory.
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FmunD 11,— Agreement of flow Maoh numbere obtained from pressure measurements at test+smtion oenter line tith those indicated by measured
angularity of weak shooks produced by O.010-inohdiameter strings faetened to wall panels. AIMie the Maah number from pressure measure—
merits minus the Maoh number indicated by shook angles.
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FIGURE25.—An iUuatration of the degree of flow uniformity in a region of the slotted teat seotion. Shock waves of known etrength (produced
by a 10° included-angle cone at zero angle) are used as the flowwniformity oriterion. DMueer-entrance nose A.
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FIQmm ‘27.-Agreement of calibrations of the average Mach number over a 30-inch-long region at the center line of the slotted test section with
diffuser-entrance noses A and B- Model removed; slot shape 11. Matimum deviations in Maoh number for surveys with nose A and nose
B am within 0.006 and 0.010, reapeotively.
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FIGUBE 26.-Ag-eement of Mach number cWrlbutIom c.rtc.lly nlong wall of slotted test smtion u@rwm of model location with mcdel in and mcdel ramovd

DhTuner+ntranoe now A; slot shnpe 11,
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FJGURD29.—Variation with test-chamber Mach number of Maoh numbers measured on tunnel wall approximately 10 inohee upstream of modol
nose (model at different angles of attack) and Mach numbem measured at the same axial station with model removal. Slot shape 11.

FI~URE 3O.—F1OWangularity in vertical plane, indicated by null—pmmme cone-surface measurements
at t%section center line 85 inohes downstream of slot origin. Slot shape 11.
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(a) MO=0.970. 1

FIQUEH31.-Shook formations and reileotione at tranmnio speeds with body-of-revolution model at center line of slotted tad seotion. a= 0°;
diffuser+ntrance nose A; slot shape 11.

.



CHARMXQRISTICS OF THE LANGIJ3Y 8-FOOT TRANSONIC TUNNEL WITH SLOTTED TEST SECTION 1347

~Tunnel wall

11 ‘––––––-––– –––––––––– ––––––––––––––––
——————

0 W in test wtion
~

❑ Test secticm empty

~ Lo >

$

* ~ ~ <~ ~ ~ ~ ~ ~

z .9

-5

s
.845, ~

5560657075s0 s5Sx395mto5 110 115
Oistance dwrrsfreorn of* orkjn,x, in. L-7ZW0

(b) M.=0.980.

FIGURE31.—Contiuued.
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(k) lJo=l.092.

FIQm 31.—Continued.



CHARACTERISTICS OF THE LANGLEY S-FOOT TIL4NSONIC TUNNEL WITH SLOTTED TEST SW%ION 1357

Distorce ckwmstreomof SW origin, x,rn,
L-72690

(t) Mo=l.los.

FIcnmm 31.—Continued.
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Fxctmm 32.-Shock formations and reflections at Iow-supommic speeda &ith wing-body model at center line of slotted test seotion. u= O”;
diffuser-entrance nose A; slot shape 11.
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(e) MOE1.llO.

FIGURE32.—Continued.
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FIGURE42.-Lcmation of detauh.d shook wavea ahead of various axially symmetrio bodies at low-supemonio epeeds. a=OO.
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